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a b s t r a c t

The electrochemical behavior of the La0.8Sr0.2MnO3−ı/Zr0.92Y0.08O2 (LSM/YSZ) porous composite anodes
in solid oxide electrolysis cell is investigated by impedance spectroscopy over an oxygen partial pres-
sure (pO2) range from 0 to 0.6 × 105 Pa. The differential analysis of impedance spectra (DIS) shows three
separate arcs which correspond to three different electrode processes at high, intermediate and low fre-
quencies, respectively. Three different electrode processes can be attributed to the migration of oxygen
eywords:
olid oxide electrolysis cell
orous composite anode
xygen partial pressure

mpedance spectroscopy

ions from the electrolyte to the triple-phase boundary, concentration impedance associated with disso-
ciative desorption of O2− along the LSM surface and diffusion of oxygen, respectively. Interestingly, under
low pO2 (≈0 Pa), the impedance arcs become clearly separated at different frequencies, especially for the
anodes with higher porosity. Meanwhile, the results demonstrate that the electrode process associated
with the low-frequency arc is strongly affected by pO2. Furthermore, the porosity plays an important role
in dissociative adsorption and diffusion of oxygen.
. Introduction

Strontium-doped lanthanum manganite (La1−xSrxMnO3−ı,
SM), which is known to have good electronic conductivity at
igh temperatures (650–1000 ◦C), is the most common electrode
anode) material for O2− oxidation reaction in solid oxide elec-
rolysis cells (SOEC) [1,2]. Pure LSM, however, with poor ionic
onductivity hinders the improvement of electrode performance
ince electrochemical reactions only occur in a small area between
he electrolyte (Zr0.92Y0.08O2, YSZ) and the electrode (LSM). An
ffective way is to mix LSM and YSZ powders and fabricate
omposite anode, such that the electrochemical active area can
e extended into certain depth of anode. Therefore, the interface
f LSM and YSZ are critical in determining the electrochemical
roperties of the anode in SOEC.

Porosity has a significant effect on the electronic conductivity of
he electrode, which has been attributed to changes in microstruc-

ure [3]. The electrical properties of porous materials are very
omplicated due to complex microstructure and huge internal sur-
ace area [4–6]. The porosity plays an important role in restricting
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the length of triple-phase boundary (TPB). Moreover, the length of
TPB affects the polarization resistance (Rp) of LSM/YSZ electrode,
and also changes the rate limiting step of O2/O2− reaction [7]. In fact,
porous electrodes have numerous applications primarily because
they promote intimate contact of the electrode material with the
gaseous phase [8]. However, little is known about the mechanisms
of charge and non-charge transfer in porous electrodes, especially
in SOEC [9–13].

EIS (electrochemical impedance spectroscopy) of the LSM/YSZ
anode is affected by not only the porosity of electrode, but also
oxygen partial pressure (pO2). pO2 is related to oxygen nonstoi-
chiometry of the LSM (ı in La1−xSrxMnO3−ı) because the value of ı
determines the electronic properties, such as the behavior of O2−

transfer, electronic conductivity and gas diffusion [14]. The EIS is a
very sensitive technique to measure the Rp change with pO2 [15].
Normally, the impedance spectra of the LSM/YSZ anode are com-
posed of several overlapping arcs, which have been reported to
consist of one to three depressed arcs [15–17]. However, differ-
ent interpretations for intermediate and high-frequency arcs were
reported [18]. The intermediate frequency arc was attributed to
the surface diffusion of oxygen [19,20], dissociation and adsorp-
tion of oxygen on the LSM surface [21]. Van Heuveln et al. [22]

reported that the high frequency arc is related to the charge trans-
fer. While both Kim et al. [15] and Jiang et al. [19] claimed that the
high-frequency arc is due to the O2− transfer from TPB to the YSZ
electrolyte.
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because the measurements lasted for less than 20 h, especially at
700 ◦C. Theoretically, high resistance phase has hardly been formed
at less than 1000 ◦C for short time [23].
16 J. Wang et al. / Journal of Po

To date, the influence of pO2 on the anode performance has been
uite limited. Thus, through the utilization of three kinds of porous
node, we have quantitatively measured the EIS as a function of
O2. Here, we apply an approach based on differential analysis of
mpedance spectra (DIS) to compare the dependence of conduc-
ivity on pO2 for porous LSM/YSZ composite anodes with different
orosities.

. Experimental

.1. Material synthesis and sample preparation

The La0.8Sr0.2MnO3−ı was synthesized by a solid-state reac-
ion method. Firstly, the appropriate ratios of Lanthanum nitrate
La(NO3)3·6H2O, AR), strontium carbonate (SrCO3, AR), manganous
arbonate (MnCO3, AR) were thoroughly mixed with alcohol using
ball mill. Subsequently, the alcohol was removed by heating the

lurry at 120 ◦C in air for 12 h. Next, the resulting dry powder
as then calcined at 1000 ◦C for 6 h in air. The obtained powders
ere ground, milled and finally sifted through 300 mesh. Finally

he LSM powders were mixed with the YSZ (TZ-8Y, Tosoh Corpora-
ion, Japan) powders at a mass ratio of LSM/YSZ = 1.0 by ball milling
or 10 h and then the composite powders were obtained.

Anode powders were prepared by mixing the desired quantities
f composite powders and pore former. The starch was used as the
ore former at the weight fractions of 5, 10, and 15 wt%, respec-
ively. These anode powders were mixed in organic solvent and
all-milled for at least 6 h. Then, the anode slurries were obtained.
he slurries were screen printed onto sintered YSZ discs with a
hickness of 0.8 mm and a diameter of 19 mm. In order to obtain

desired electrode thickness of about 20 �m, four layers of the
omposite were deposited. Between each deposition, the layers
ere dried at 170 ◦C to evaporate the solvent. The samples were

hen sintered at 1200 ◦C for 2 h in air to form the composite anode.
hen, half-cells with three kinds of different porosities were pre-
ared. Subsequently, Pt paste was painted as a ring around the LSM
lectrode as the reference electrode (RE) and also painted onto the
ther side of the YSZ electrolyte disc as the counter electrode (CE).
t wires were stuck on the composite anode, the RE and the CE,
espectively. The Pt electrodes were fired at 850 ◦C for 20 min in
ir.

.2. Characterization

The phase purity of the LSM powders was checked by an X-
ay diffractometer (D8 Advance, BRUKER Corporation, Germany).
hemical compatibility of the LSM with the YSZ was investigated by
alcination of composite powders at 1000 ◦C for 20 h. The resulted
ixtures were studied by XRD to identify phases. The morphology

nd pore size of the anodes were observed by a field emission scan-
ing electronic microscope (FESEM, QUANTA 200F, FEI Corporation,
SA).

The porosities of the samples were measured by Archimedes
ethod. To ensure water saturation, the samples were immersed

n boiling water for 4 h and allowed to cool in water before
eighing. Specific surface area was derived from nitrogen adsorp-

ion/desorption isotherms obtained at −196 ◦C (Micromeritics
riStar II 3020 surface area analyzer), samples were degassed
vernight at 200 ◦C.

Electrochemical impedance measurements were performed
sing a Solartron 1260 frequency response analyzer, coupled to

Solartron 1287 electrochemical interface controlled by ZPlot

oftware (SOLARTRON, AMETEK Co., Ltd). AC perturbation of 5 mV
as applied over the frequency range from 0.1 Hz to 1 MHz. The

mpedance was measured at 700 ◦C under the atmosphere ranging
urces 208 (2012) 415–420

from 0 to 60 vol% O2. pO2 was obtained from the mixture of N2
and O2 (both with a purity of 99.999%). Low pO2 (≈0 Pa) was
achieved using pure N2, assuming a thermodynamic equilibrium
between O2 and N2. The gas flow rates were fixed at a flow rate of
100 ml min−1 using mass flow controllers. The whole system was
allowed to stabilize under each condition before the measurement.
The typical stabilization time was at least 0.5 h under high pO2
(0.1 × 105, 0.2 × 105, 0.4 × 105 and 0.6 × 105 Pa) and 5 h under low
pO2 (≈0 Pa). These oxygen partial pressures correspond to 0, 10,
20, 40 and 60 vol% O2 (relative to the total amount of O2 and N2).
In light of the small amplitude of the applied voltage and the small
sample size relative to the flow rate and the dimension of the
experimental apparatus, the gas composition is safely assumed to
be unperturbed during the impedance measurements.

The impedance spectra of polarization resistance (Rp) were fit-
ted according to an equivalent circuit consisting of several RQ
circuits with the program ZView (SOLARTRON, AMETEK Co., Ltd).
The Q is constant phase element (CPE) which is usually a depressed
semi-arc in the complex plane of impedance. The impedance of the
CPE is as follows:

ZCPE(ω) = [A0(jω)n]
−1

(1)

where n is varied between 0 and 1 depending on the depression of
the arc. ω and j are the frequency and the imaginary unit, respec-
tively. If n equals 1 then the CPE is identical to that of a capacitor. If
n equals 0.5, a 45◦ line is produced on the Complex-Plane graph.
When a CPE is placed in parallel to a resistor, a Cole-Element
(depressed semi-circle) is produced. Because the thickness of anode
is only 20 �m, the Q produces the same spectrum as a Finite Length
Warburg. We used Q to simulate the impedance instead of W (War-
burg element).

3. Results and discussion

3.1. Powder characterizations

Fig. 1 shows the XRD patterns of LSM powders (a) and LSM/YSZ
composite powders (b). Pattern (a) indicates that the LSM powder
has a pure perovskite phase, while pattern (b) demonstrates the
coexistence of the YSZ and LSM phases. Only a small mount of impu-
rities (La2Zr2O7) has been found in pattern (b), which indicates
the compatibility of LSM and YSZ was suitable for measurements
Fig. 1. XRD patterns of sample powders: (a) pure LSM powder, (b) LSM/YSZ com-
posite powder.
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Fig. 2. SEM micrographs of the composite anodes w

.2. Microstructural analysis

Fig. 2 shows the SEM micrographs of the LSM/YSZ porous com-
osite anodes. It was shown that the grain size is about 500 nm and
ll the pores are connected. The difference in porosity which was
roduced by different quantities of pore former (starch) is not large.

t is difficult to make a distinction by SEM. As indicated in Fig. 3(a),
he porosity of the electrodes increases with the increase of the pore
ormer content. Rational porosity is an important parameter for the
PB of electrode. Larger porosity affects TPB formation. However,
onductivity of bulk reduces with the increase of the porosity [24].
dsorption isotherms calculated from the experimental data are
hown in Fig. 3(b). The Langmuir surface area decreases with the
ncrease of the pore former content. This is thought to be due to

n increased level of pore former in sample preparation that leads
o a higher porosity and, as a consequence, a lower value of final
urface area.

ig. 3. (a) Relationship between the porosity and the content of pore former, and
b) relationship between the surface area and the content of pore former.
e porosity of (a) 41 vol%, (b) 46 vol%, and (c) 50 vol%.

3.3. Electrochemical performance of the half cells

Fig. 4 shows the impedance response of the LSM/YSZ porous
electrodes as a function of pO2 at 700 ◦C. Fig. 4(a)–(c) is Nyquist
diagrams and Fig. 4(d)–(f) is Bode diagrams. Before O2 feeding
to the anode (pO2 ≈ 0 Pa) with the porosity of 41 vol%, the ini-
tial impedance response of the porous anode was characterized
by a large depressed arc and the Rp was 0.7 � cm2. When the
pO2 increased to 0.4 × 105 Pa (40 vol% O2), the radius of low-
frequency arc began to decrease slowly. This phenomenon also
appeared in the composite anodes with the porosity of 46 vol%
and 50 vol%, as shown in Fig. 4(b) and (c), respectively. However,
there is a new separate arc in the impedance spectrum of the sam-
ple with the porosity of 50 vol%. It is important to note that all
the arcs were dependent on pO2. The magnitude of the individ-
ual arcs was larger for the half cells with high porosity than for
those with low porosity, especially when the pO2 increased from
0 to 0.1 × 105 Pa.

On the other hand, Rp is 1.0 � cm2 for the electrode with the
porosity of 46 vol%, which is larger than the other two electrodes.
The results showed that the effective conductivity of the porous
LSM/YSZ anodes is slightly deviated from that expected on the
basis of the average porosity alone. The presence of LSM actually
reduces the effective ionic conductivity of the YSZ in the LSM/YSZ
composites. While the presence of YSZ reduces the effective elec-
tronic conductivity of the LSM in the LSM/YSZ composites [25].
The reduced conductivity is attributed to the increase in the net-
work interruptions and anomalously high constriction resulting
from differential densification promoted by the presence of LSM
[26]. Conductivity enhancement in the anodes with high porosity is
attributed to the more O2− accumulating at the interface of LSM and
YSZ. Enhanced carrier (O2−) concentration within the interfacial
space charge layers has been proposed as one possible mechanism
[27].

At first glance, the spectra in Fig. 4 show two or three separable
arcs, especially in Fig. 4(f). The distinction of several arcs is difficult
because they are overlapped. In order to obtain more detailed infor-
mation about the number of the arcs that contribute to the half-cell
spectra, the differential analysis of impedance spectra (DIS) was
used [28].

The DIS was shown to be helpful in separating electrode arcs
originating from different processes in impedance spectra [11,29].
This technique was applied on a half-cell and the produced DIS
revealed three separable peaks for the LSM/YSZ electrodes as
shown in Fig. 5. The performance of electrochemical cells depends
on a sequence of processes, such as charge transfer and non-charge
transfer. But the arcs typically overlap in impedance spectra
recorded on the half cells. A method is proposed in terms of the
change in an impedance spectrum when an optional operation

parameter such as pO2 of a reactant is changed. An impedance
spectrum is recorded before such a change and another spectrum
recorded just after the change. ∂�Z′ is used to selectively detect
elements contributing in the impedance spectrum where the
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ig. 4. The change in impedance spectra of the LSM/YSZ composite anodes with dif
f pO2.

ontribution may be hidden from other elements. ∂�Z′ is listed as
he following equation:

�Z ′(ωn) = [Z ′
B(ωn+1) − Z ′

B(ωn−1)] − [Z ′
A(ωn+1) − Z ′

A(ωn−1)]
ln(ωn+1) − ln(ωn−1)

(2)

here Z ′
A(ω) is the real part of the impedance in condition A at

requency ω and Z ′
B(ω) is the real part of the other impedance in
ondition B at frequency ω.
The DIS at open-circuit voltage (OCV) reveals three separable

eaks, indicating that at least three processes or reactions at the
SM/YSZ electrode contribute to the impedance spectra in Fig. 5.

Fig. 5. DIS for the porous LSM/YSZ composite anodes with the porosit
porosities ((a) and (d) 41 vol%, (b) and (e) 46 vol%, (c) and (f) 50 vol%) as a function

The characteristic frequency of the anode arcs can be approximated
by drawing a straight line through the DIS peaks to the x-axis. Note
that the arc for the anode in pure N2 disappears.

As shown in Fig. 5, investigations on the LSM/YSZ porous elec-
trode in a three-electrode setup revealed three separable arcs with
characteristic frequency in good agreement with the low, medium
and high frequency peaks, respectively. The arc with characteristic

frequency of 500–10,000 Hz was ascribed to O2− transfer from the
YSZ to the TPB electrolyte near the YSZ–LSM/YSZ interfaces because
the high-frequency arc is not dependent on pO2. In addition, the
arc with characteristic frequency of 10–100 Hz was attributed to

y of (a) 41 vol%, (b) 46 vol%, and (c) 50 vol% as a function of pO2.
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Fig. 6. Equivalent circuit for the

issociative adsorption/desorption of O2 and transfer of species
cross the TPB. Moreover, the low frequency arc of 0.1–1 Hz was
scribed to gas diffusion [30,31]. These results were evaluated
sing the equivalent circuit shown in Fig. 6. The intercepts of the

mpedance arcs with the real axis at high frequencies corresponded
o the resistance of the electrolyte and the lead wires. Here, R0 was
he ohmic resistance of electrolyte and lead wires, and (R1, Q1), (R2,
2) and (R3, Q3) represent the high-frequency arc, intermediate-

requency arc, and low-frequency arc, respectively. According to
revious studies [32], impedance diagrams were composed of sev-
ral semicircles. Each semicircle or contribution was characterized
y the resistance Ri (i = 1, 2 or 3). In the present study, this means
hat high, intermediate and low frequency arcs correspond to dif-
erent electrode processes. The Rp was defined as: Rp = R1 + R2 + R3.
.4. Analysis of discrete circuit element

Fig. 7(a) shows that R1 increases with increasing pO2 to a
aximum 0.2 × 105 Pa after which the resistance decreases. It is

ig. 7. Polarization resistance of the porous LSM/YSZ composite anodes with the
orosity of (a) 41 vol%, (b) 46 vol%, and (c) 50 vol% as a function of pO2.
us LSM/YSZ composite anodes.

attributed to the carriers obstructed by the increase of pO2. The
high-frequency arc of the LSM/YSZ electrodes did not vary with pO2
[17]. In the present study, the weak pO2 dependence of the (R1, Q1)
arc suggests that neither atomic oxygen nor molecular oxygen is
involved in the step. Therefore, the (R1, Q1) arc could be interpreted
as O2− transfer from the YSZ electrolyte to the TPB. That is to say,
the arc with characteristic frequency about 1 kHz was ascribed to
O2− transport at the electrolyte–electrode (YSZ–LSM/YSZ) interface
[33]. R1 is reduced quickly under pO2 ranging from 0.2 × 105 Pa to
0.6 × 105 Pa for the anodes with the porosity of 46 vol% and 50 vol%.
But the impedance of the LSM/YSZ electrode with the porosity of
50 vol% hides the decrease in the transferring resistance of O2−. In
fact, the imperfect electrode contacts on solid electrolyte may lead
to the increase in resistance (R1), which was shown in Fig. 7(a)
and (b), and the effect of imperfect electrode contacts cannot be
ignored.

As clearly shown in Fig. 4(d)–(f), the characteristics of
intermediate-frequency arcs change with pO2. The processes, such
as dissociative desorption of O2 and transfer of O2− across the TPB,
have been proposed to explain the intermediate-frequency arcs
[17]. In the present study, the O2− oxidation reaction at the LSM-
YSZ interfaces was investigated by modeling the pO2 dependence.
R2 decreases to a minimum with increasing pO2 to 0.6 × 105 Pa,
which is similar to the variation in O2− transfer. This indicates that
O2− surface diffusion is sensitive to pO2. Finally, the decrease in the
R2 for the electrodes with high porosity is not obvious, which is
perhaps due to a greater specific area that facilitates the diffusion
process. But there is an abrupt decrease of the R2 in Fig. 7(b), the
arc attributable to O2− surface diffusion weakens under a certain
pO2. It is thought that oxygen vacancies created on the LSM sur-
face enhance O2− surface diffusion. The R2 increased because the
oxygen vacancies are removed by the oxygen exchange reaction
between the oxygen molecules and the LSM surface.

It is clear that the low-frequency arc changes significantly with
pO2 as shown in Figs. 4 and 7. The arc below 10 Hz has been ascribed
to diffusion losses [31]. It was observed that the variation of the low-
frequency arc is comparatively small in the range of measuring pO2.
According to equation [5]:

� = en0

(
p0

pO2

)1/X

�0 exp
(−EA

kT

)
(3)

where X is the reciprocal potential factor in the dependence of � on
pO2. p0 is a pressure for normalization. n0 and �0 are exponential
pre-factors if n and � depend exponentially on T. The exponential
dependence of n is given by the ionization energy of the donor states
(Ei) and by the enthalpy of reduction (�H = YEA if EA is completely
determined by the reduction reaction, Y is a number which is given
by the reaction). The weak variation of R3 with pO2 indicates the
activation energy of (R3, Q3) arc is therefore low. This reaction could
be interpreted as the diffusion of oxygen molecules in electrode
pores or the associative desorption of O2.

As shown in Fig. 8, the specific conductivity (Rp
−1) of the

porous LSM/YSZ anodes has been investigated as a function of pO2.
The Rp

−1 is approximately proportional to (pO2)0.36. The value of
0.36 is different from previous study of dense LSM/YSZ compos-

ite (0.25) [15], which indicates the specific conductivity is effected
by the porosity. Although (pO2)0.36 dependence is generally inter-
preted as a charge transfer reaction, these results indicate that
(pO2)0.36 dependence could be O2− motion. Therefore, it is con-
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ig. 8. Dependence of the specific conductivity on pO2 for the LSM/YSZ anodes with
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luded that high-frequency arcs (R1, Q1) represent O2− transfer
rom the electrolyte to the TPB, and intermediate-frequency arcs
R2, Q2) represent the diffusion of O2− species along the LSM surface
o the TPB.

. Conclusions

The electrochemical behavior of the LSM/YSZ porous
omposite anodes was investigated by EIS under dif-
erent pO2. In particular, DIS revealed three identifiable
eaks of charge transfer and non-charge transfer at the
SM/YSZ electrodes. The high-frequency arc was attributed to
xygen ion transfer from the electrolyte to the TPB, which is
ndependent on pO2. In addition, the intermediate-frequency arc

as ascribed to dissociative desorption of O2− along the LSM
urface, which is dependent on pO2. Moreover, the low-frequency
rc was attributed to gas phase diffusion, which is also dependent
n pO2. With the increase of porosity, the positions of the peaks in
IS moved to lower frequency, and the arcs in EIS become clearly

eparated at different frequencies.
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